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Abstract— We review models for neutrino mass, with special
emphasis in supersymmetric models where R–parity is broken
either explicitly or spontaneously. The simplest unified extension
of the MSSM with explicit bilinear R–parity violation provides
a predictive scheme for neutrino masses and mixings which
can account for the observed atmospheric and solar neutrino
anomalies. Despite the smallness of neutrino masses R-parity vi-
olation is observable at present and future high-energy colliders,
providing an unambiguous cross-check of the model. This model
can be shown to be an effective model for the, more theoretically
satisfying, spontaneous broken theory. The main difference in this
last case is the appearance of a massless particle, the majoron,
that can modify the decay modes of the Higgs boson, making it
decay invisibly most of the time.
I. INTRODUCTION
Despite the tremendous effort that has led to the discovery
of neutrino mass [1], [2], [3] the mechanism of neutrino mass
generation will remain open for years to come (a detailed
analysis of the three–neutrino oscillation parameters can be
found in [4]). The most popular mechanism to generate
neutrino masses is the seesaw mechanism [5], [6], [7], [8],
[9], [10], [11], [12]. Although the seesaw fits naturally in
SO(10) unification models, we currently have no clear hints
that uniquely point towards any unification scheme.
Therefore it may well be that neutrino masses arise from
physics having nothing to do with unification, such as cer-
tain seesaw variants [13], and models with radiative gener-
ation [14], [15]. Here we focus on the specific case of low-
energy supersymmetry with violation of R–parity, as the origin
of neutrino mass. R–parity is defined as Rp = (−1)3B+L+2S
with S, B, L denoting spin, baryon and lepton numbers,
respectively [16].
In these models R–parity can be broken either explicitly
or spontaneously. In the first case we consider the bilinear R–
parity violation (BRpV) model, the simplest effective descrip-
tion of R-parity violation [17]. The model not only accounts
for the observed pattern of neutrino masses and mixing [18],
[19], [20], [21], but also makes predictions for the decay
branching ratios of the lightest supersymmetric particle [22],
[23], [24], [25] from the current measurements of neutrino
mixing angles [4]. In the second case R–parity violation
takes place “a la Higgs”, i.e., spontaneously, due to non-zero
sneutrino vacuum expectation values (vevs) [26], [27], [28]. In
this case one of the neutral CP-odd scalars is identified with
the majoron, J . In contrast with the seesaw majoron, ours is
characterized by a small scale (TeV-like) and carries only one
unit of lepton number. In previous studies [29], [30], [31], [32]
it was noted that the spontaneously R–parity violation (SRpV)
model leads to the possibility of invisibly decaying Higgs
bosons, provided there is an SU(2) ⊗ U(1) singlet superfield
Φ coupling to the electroweak doublet Higgses, the same that
appears in the NMSSM. We have reanalyzed [33], [34] this
issue taking into account the small masses indicated by current
neutrino oscillation data [4]. We have shown explicitly that the
invisible Higgs boson decay Eq. (1),
h→ JJ (1)
can be the most important mode of Higgs boson decay. This is
remarkable, given the smallness of neutrino masses required
to fit current neutrino oscillation data.
II. MODELS FOR NEUTRINO MASS
In 1980, Weinberg[35] noticed that the dimension-five op-
erator
LDim5 = LφLφ (2)
could induce neutrino masses:
PSfrag replacements
νLνL
〈φ〉〈φ〉
The models that can lead to this type of operator can be
classified in Seesaw Models and Radiative Models, that we
now briefly review.
A. Seesaw models for neutrino mass
1) Type I mechanism: In models with right handed neutri-
nos
− L = νLmDνR + 1
2
νcLMRνR (3)
where mD = Yνv. The seesaw (Type I) [5], [6], [7], [10], [11]
formula is
mIeff = −(vYν)M−1R (vYν)T (4)
which corresponds to the following diagram:
PSfrag replacements
νLνL νRνR
MR
〈φ〉〈φ〉
2) Type II mechanism: In models with Higgs triplets
−L = 1
2
Y∆ν
c
Liτ2∆LνL+µφ
T∆Lφ+M
2
∆∆
†
L∆L+ · · · (5)
we obtain the type II seesaw formula [8], [10], [11], [36]
mIIeff =
v2µY∆
M2∆
(6)
which corresponds to the following diagramPSfrag replacements
νLνL
νR
MR
〈φ〉〈φ〉
∆0
µ
Y∆
3) Inverse Seesaw: In addition to the normal neutrinos νL,
the inverse seesaw[13] uses two sequential SU(3) ⊗ SU(2)
⊗ U(1) singlets νcL, SL, corresponding to the following mass
matrix
Mν =
 0 Yνv 0Y Tν v 0 M
0 M µ
 (7)
where Yν are Yukawa couplings, M and µ are SU(3) ⊗ SU(2)
⊗ U(1) invariant mass entries. The effective mass matrix is
then
mInveff = −v2(YMT
−1
)µ(M−1Y T ) (8)
The smallness of µ is natural, in t’Hooft’s sense. However,
there is no dynamical understanding of this smallness.
4) A Supersymmetric SO(10) Inverse Seesaw: We
proposed[12] an alternative inverse seesaw consistent with a
realistic unified SO(10) model. In this model the mass matrix
reads
Mν =
 0 Y v FvLY T v 0 F˜ vR
FT vL F˜
T vR 0
 (9)
By inserting vL = ρ vRvMG , coming from the minimization
conditions[12], the vR scale drops out, leading to
mNewInveff ≃
v2
MG
ρ
[
Y (FF˜−1)T + (FF˜−1)Y T
]
(10)
The neutrino mass is suppressed by MG, irrespective of how
low is the B-L breaking scale vR (as low as few TeV). This
corresponds to the following diagram
This new seesaw is linear in the Dirac Yukawa couplings Y .
The most important result is that a low B − L scale can be
achieved while preserving the gauge coupling unification as
shown in Fig. 1. Another important result is the calculation of
Fig. 1. Gauge coupling unification in the in model of Ref.[12].
the CP asymmetry needed for leptogenesis in a model that is
a variant[37] of the previous one. The results[38] are shown
in Fig. 2.
B. Models with radiatively generated neutrino mass
1) Zee Model: In the Zee model[14], the scalar sector
of the model consists of two Higgs doublets with the same
hypercharge and a charged SU(2) scalar singlet h±, with
L(h−) = 2.
LY = L¯i(Πa)ijΦaeRj + ǫαβL¯αi fij C(L¯T )βj h− + h.c. (11)
Therefore Yukawa interactions conserve L, which is explicitly
broken in the scalar potential
V ⊃ µǫαβΦα1Φβ2h− + h.c. (12)
Charged scalar mixing and Yukawa interactions generate neu-
trino masses at the one loop level through the diagram
PSfrag replacements
νν
h+ h−
ll
2) Babu-Zee Model: Apart from the Higgs doublet the
model[15], [39], contains a single charged and a doubly
charged (h+, k++) SU(2) gauge singlets scalars. In contrast
to the Zee model the second Higgs doublet is absent. We have
L = fαβ(LTiαLCLjβL)ǫijh++h′αβ(eTαRCeβR)k+++h.c. (13)
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Fig. 2. Contour levels of the maximum value of the asymmetry ǫΣ obtained
as a function of sin θ13 and sin δ. For details see Ref.[38].
with L(h−) = L(k−−) = 2. Therefore the Lagrangian
conserves L, which is explicitly broken in the scalar potential
V ⊃ µk++h−h− (14)
Yukawa interactions and the breaking of Lepton number,
generate Majorana neutrino masses at the 2-loop level, as
indicated in the following diagram:
ν
h h
ν
ℓℓ
k
⊗ ⊗
3) Broken R-Parity Models: R–parity is defined in super-
symmetric theories by the relation
RP = (−1)2J+3B+L (15)
Although the MSSM is defined to conserve R–parity, there
is no fundamental principle that requires that. If it is not
conserved it can broken in two ways
• BRpV: Explicit R-parity Violation
In this case R–parity is broken at the Lagrangian level.
The most important example is the so-called Bilinear
R–parity Violation (BRpV) model which has the same
particle content as the MSSM.
• SRpV: Spontaneously R-parity Violation
In this case we have a more complicated Higgs boson
structure. The most salient feature is the existence of the
Majoron J , the massless Goldstone boson appearing due
to the spontaneous breaking of R–parity.
In the next sections we will review in more detail these two
ways of generating neutrino masses and we will indicate ways
of testing these ideas at accelerators.
III. BILINEAR R-PARITY VIOLATION
A. The model
This model[40], [41] has the same particle content as the
MSSM. The superpotential W is
W = εab
[
h
ij
U Q̂
a
i ÛjĤ
b
u + h
ij
DQ̂
b
iD̂jĤ
a
d + h
ij
E L̂
b
i R̂jĤ
a
d
−µĤad Ĥbu + ǫiL̂ai Ĥbu
]
(16)
where i, j = 1, 2, 3 are generation indices, a, b = 1, 2 are
SU(2) indices. The set of soft supersymmetry breaking terms
are
Vsoft = V
MSSM
soft + εab BiǫiL˜
a
iH
b
u (17)
B. Tree Level: Atmospheric Mass Scale
In the basis: ψ0T = (−iλ′,−iλ3, H˜1d , H˜2u, νe, νµ, ντ ) the
mass matrix reads[19], [20]
MN=
Mχ0 mT
m 0
;m =
− 12g′v1 12gv1 0 ǫ1− 1
2
g′v2
1
2
gv2 0 ǫ2
− 1
2
g′v3
1
2
gv3 0 ǫ3

(18)
which gives the effective mass matrix
meff = −mM−1χ0 mT
=
M1g
2 +M2g
′2
4det(Mχ0)
 Λ2e ΛeΛµ ΛeΛτΛeΛµ Λ2µ ΛµΛτ
ΛeΛτ ΛµΛτ Λ
2
τ
(19)
where Λi = µvi + vdǫi. This effective mass matrix has two
massless neutrinos and one massive neutrino with mass[19]
mν = Tr(meff ) =
M1g
2 +M2g
′2
4 det(Mχ0)
|~Λ|2. (20)
C. One Loop: Solar Mass Scale
In this model the solar neutrino mass is generated at one
loop level. The most important contributions come[18] from
the bottom-sbottom loops indicated in Fig. 3. In Fig. 4 we
show an example of neutrino masses as function of the BRpV
parameters.
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Fig. 3. Bottom-sbottom loops generating the neutrino masses. In this Figure
open circles correspond to small R-parity violating projections, full circles
correspond to R-parity conserving projections and open circles with a cross
inside to mass insertions which flip chirality.
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Fig. 4. Neutrino masses in the BRpV for the following values of the MSSM
parameters:m0 = µ = 500 GeV, tanβ = 5, B = −A = m0. The range of
BRpV parameters is as follows: |~Λ| = 0.16 GeV, 10 ∗ Λe = Λµ = Λτ and
ǫ1 = ǫ2 = ǫ3
IV. SPONTANEOUS BROKEN R-PARITY
A. The model
The most general superpotential that leads to Spontaneous
R-parity Violation (SRpV) is
W = εab
(
h
ij
U Q̂
a
i ÛjĤ
b
u + h
ij
DQ̂
b
iD̂jĤ
a
d + h
ij
E L̂
b
i ÊjĤ
a
d
+hijν L̂
a
i ν̂
c
j Ĥ
b
u− µˆĤad Ĥbu− (h0Ĥad Ĥbu + δ2)Φ̂
)
+hijΦ̂ν̂ci Ŝj +M
ij
R ν̂
c
i Ŝj +
1
2
MΦΦ̂
2 +
λ
3!
Φ̂3 (21)
where the singlet superfields (νci, Si,Φ) carry a conserved
lepton number assigned as (−1, 1, 0). Therefore Lepton num-
ber and R-parity are conserved at Lagrangian Level.
B. SRpV: Symmetry Breaking
The spontaneous breaking of R–parity is driven by nonzero
vevs for the scalar neutrinos. The scale characterizing R–parity
breaking is set by the isosinglet vevs〈
ν˜c
〉
=
vR√
2
,
〈
S˜
〉
=
vS√
2
, 〈Φ〉 = vΦ√
2
(22)
We also have very small left-handed sneutrino vacuum expec-
tation values
〈ν˜Li〉 = vLi√
2
(23)
The electroweak breaking is driven by
〈Hu〉 = vu√
2
, 〈Hd〉 = vd√
2
(24)
with v2 = v2u+v2d+
∑
i v
2
Li and m2W =
g2v2
4
. The spontaneous
breaking of R–parity also entails the spontaneous violation of
total lepton number. This implies that the Majoron
J = Im
[
v2L
V v2
(vuHu − vdHd) +
∑
i
vLi
V
ν˜i +
vS
V
S − vR
V
ν˜c
]
(25)
remains massless, as it is the Nambu-Goldstone boson asso-
ciated to the breaking of lepton number.
C. SRpV: The effective neutrino mass matrix
The effective neutrino mass matrix can be cast into a very
simple form
(meffνν)ij = aΛiΛj + b(ǫiΛj + ǫjΛi) + cǫiǫj. (26)
This equation resembles very closely the result for the BRpV
model once the dominant 1-loop corrections are taken into
account. The effective bilinear R–parity violating parameters
are
ǫi = h
i
ν
vR√
2
and Λi = ǫivd + µvLi (27)
V. TESTS OF THE BILINEAR R-PARITY VIOLATION MODEL
A. Testing BRpV via SUSY Decays
• LSP Decays: (mSUGRA)
The fact that, in these models, the LSP decays through
R–parity violating processes allows it to be either neutral
or charged.
– In most cases the LSP is the lightest neutralino, like
in the MSSM[23].
– For some regions of the parameter space the LSP
can also be the scalar tau[22].
– In both cases we have shown that despite the small-
ness of mν the LSP decays inside the detector.
• LSP Decays: (non mSUGRA)
If we depart from mSUGRA then the LSP can be almost
any particle[25]. This gives complementary information.
B. Neutralino decays: Probing the Atmospheric Angle
When the LSP is the neutralino the ratios of branching ratios
can be correlated with the neutrino parameters. For instance, in
Fig. 5 we show[23] the correlation with the atmospheric angle.
The spread in Fig. 5 will disappear if the SUSY parameters
were known, as it is indicated in Fig. 6.
C. Stau Decays and the Solar Angle
In the region of parameters space where the LSP is the stau
we can use its decays[22], to make correlations to the neutrino
parameters as is indicated in Fig. 7.
D. Other LSP Decays (depart from mSUGRA)
If we depart from mSUGRA then the LSP can be almost any
particle. For instance, it was shown in Ref.[25] that you can
correlate the decays of charginos and squarks with the neutrino
parameters. In Fig. 8 and Fig. 9 we show, respectively the case
of the LSP being the chargino or the squark.
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Fig. 5. Relation of branching of branching ratios of neutralino decays and
the atmospheric angle (Ref. [23]).
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Fig. 6. Same as in Fig. 5, but assuming that SUSY has been discovered
with M2 = 120GeV, µ = 500GeV, tan β = 5 m0 = 500GeV, A =
−500GeV (Ref. [23]).
VI. TESTS OF THE SPONTANEOUS R-PARITY VIOLATION
MODEL
A. Higgs Boson Production
Supersymmetric Higgs bosons can be produced at the e+e−
collider via the so–called Bjorken process, coming from the
coupling
LHZZ =
8∑
i=1
(
√
2GF )
1/2M2ZZµZ
µηiHi (28)
where the ηi are a combination of the doublet scalars,
ηi =
vd
v
RSi1 +
vu
v
RSi2 +
3∑
j=1
vLj
v
RSij+2 (29)
and the RSij are rotation matrices that diagonalize the CP even
neutral Higgs bosons. In comparison with the SM, the coupling
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Fig. 7. Correlations of the stau decays with the solar angle (Ref. [22]).
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Fig. 8. Correlations for the atmospheric parameters when the LSP is the
chargino (Ref. [25]).
of the lightest CP–even Higgs boson to the Z is reduced by
η ≡ η1 ≤ 1 (30)
B. Higgs Boson Decay
We are interested here in the ratio
RJb =
Γ(h→ JJ)
Γ(h→ bb¯) (31)
of the invisible decay to the SM decay into b-jets. These decay
widths are
Γ(h→ JJ) = g
2
hJJ
32πmh
(32)
and
Γ(h→ bb¯) = 3GF
√
2
8π
(
RS11
)2
mhm
2
b
[
1−4
(
mb
mh
)2]3/2
(33)
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Fig. 9. Correlations for the solar angle when the LSP is the squark (Ref. [25]).
C. Numerical results
We have performed a careful analysis of the SBpV model in
order to search for the possibility of having at the same time
a large branching ratio of the Higgs boson into the invisible
channel of the Majoron and at the same time the production
cross section to be not too much reduced with respect to
the SM case. The conclusion[33], [34] is that this is indeed
possible as is shown, as an example in Fig. 10. All the points
in these curves respect the neutrino data[4].
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Fig. 10. RJb vs η2 for fixed h from Ref.[33]. See text, Eq. (29), Eq. (31)
and Eq. (21) for an explanation of these quantities.
VII. CONCLUSIONS
We have briefly reviewed the models for neutrino mass.
In the class of seesaw models we discussed in some detail
the implications of a new seesaw model that can achieve
successful leptogenesis and can have low energy implications.
Among the radiative models we have focused on those with
broken R-parity. We have considered both the models with
explicit R-parity violation (BRpV) and also models with
spontaneous violation of R-parity (SRpV). Both possibilities
have implications at the new accelerators and therefore can be
tested in the upcoming machines.
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